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Abstract 

A new Manganese (II) PVC membrane sensor incorporating 
2,8,14,20-tetrakis(naphthyl)calix[4]resorcinarene (TNCR) as 
ionophore, tetraphenylborate (NaTPB) as anion excluder 
and dioctylphthalate (DOP) as plasticizer was constructed. 
The electrode exhibited an excellent potentiometric response 
over a wide concentration range of 1.0 « 10~ 5 - 1.0 * 10 1 M 
with a Nernstian slope of 29.8 (± 0.4) mV decade 1 . The 
detection limit was 5.1 * 10~ 6 M. The electrode showed a 
better performance over a pH range of 3.2 - 7.0, and had a 
short response time less than 25 s. The electrode was 
successfully applied for the potentiometric titration of Mn (II) 
against EDTA. 
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Introduction 

Manganese is an essential trace element for all living 
organisms and a part of many biological enzymes 
[Florence, 1982]. Human bodies contain about 10-20 
mg of manganese, most of which is located in the 
kidneys and liver and it also functions as an enzyme 
activator and a component of metalloenzymes. 
Neanderthals has used black manganese dioxide as a 
cosmetic fifty thousand years ago [Henke et al, 2007]. 
Manganese is an essential micronutrient for all living 
organisms but it is highly toxic at higher concentration 
levels. Prolonged exposure to manganese dust and 
fumes may affect central nervous system. Symptoms of 
manganese poisoning are hallucinations, forgetfulness, 
lung embolism, bronchitis, headache and insomnia. A 
form of Parkinson's disease type neurodegenaration 
called 'Manganism' has been linked to high exposure 
to manganese dusts amongst miners and smelters 
since the early 19 th century [Normandin et al., 2002]. 
The common methods adopted for the determination 
of manganese are AAS and ICP-MS [Cabrera- Vique et 
al., 2000, Sohrin et al., 2008] But these techniques are 



costly and require sample pre-treatment and 
infrastructure back up and hence being not convenient 
for routine analysis. Potentiometric sensors are better 
suited as they offer advantages such as high selectivity, 
sensitivity, good precision simplicity and low cost. Ion 
Selective electrodes are versatile devices with 
extraordinary analytical techniques [Sheikhshoaie et al, 
2012]. Though the determination of manganese is 
important for both industrial and health purposes, 
only a few reports on manganese-selective electrodes 
are available in literature [Gholivand et al., 2009, 
Gupta et al., 2007, Mashhadizadeh et al., 2007, Midgley 
et al., 1985, Singh et al., 2005]. 

Macrocyclic compounds bearing appropriate binding 
groups act as efficient receptors for complexation of 
metal ions. Calixarenes are cavity-shaped cyclic oligomers 
made up of phenol units linked via alkylidene groups. 
Their configuration includes a number of selective 
factors, such as cavity-size, conformation and 
substituents, which leads to the formation of typical 
host-guest complexes with numerous compounds and 
allows for a variety of applications in ion-selective 
membranes and electrodes [Kivlehanaet al., 2007, 
Kumarb et al., 2009, Yang et al., 2001]. 

In continuation to our work on metal analysis at trace 
levels [Girishkumar et al., 2001, Girishkumar et al., 
2006, Girishkumar et al., 2006, Girishkumar et al., 2007] 
a novel potentiometric sensor based on 2,8,14,20- 
tetrakis(naphthyl)calix[4]resorcinarene (TNCR) as an 
electroactive material has been developed for the 
selective determination of Mn (II) ions. To the best of 
our knowledge, the application of TNCR as ionophore 
in membrane electrodes for the determination of Mn 
(II) ions has not been reported yet. 

Experimental 

Reagents and Materials 

All the reagents used were of analytical reagent grade. 
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THF, dioctyl phthalate(DOP), dibutyl phthalate(DBP), 
dioctylsebaccate(DOS), dioctyladipate (DOA), dimethyl 
sebaccate (DMS), dibutylsebaccate(DBS) and sodium 
tetraphenylborate (NaTPB) were obtained from Lancaster 
(UK) and used as received. The metal salts and high 
molecular weight PVC (Wm~80,000) were purchased 
from Merck and used without further purification. 
Ethylenediaminetetraacetic acid (EDTA), resorcinol, p- 
toluenesulphonic acid, 2-naphthaldehyde and other 
solvents were all of analar grade and procured from 
local vendors. Aqueous solutions were prepared 
in double distilled water. Solutions of different 
concentrations of manganese were prepared by serial 
dilution of 0.1M stock solution. 

High molecular weight PVC (MW-80,000) was used 
for the preparation of membrane. PVC acts as the 
matrix of the membrane. 

Apparatus 

All the potential measurements were carried out on a 
Metrohm 781 ion pH meter. The CHN analysis was 
performed using a CHN analyzer, ElementarVario. 
The UV- Visible spectra were recorded using Spectro 
UV- Visible Double Beam UVD-3500 instrument. FT-IR 
spectra were recorded on JASCO 4100 FT-IR 
spectrometer using KBr discs. SEM analysis was done 
on JOEL 6300 LV. J H NMR spectra were recorded 
using JOEL GSX 400 NB FT NMR spectrometer. 

Synthesis oflonophore 




FIG. 1 STRUCTURE OF THE IONOPHORE 



The ionophore, 2,8,14,20-tetrakis(naphthyl)calix[4] 
resorcinarene was synthesized by the solvent free 
method [Roberts et al, 2001]. A 1:1 mixture of 2- 
naphthaldehyde and resorcinol (0.5 to 1.0 g scale) 
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along with a catalytic amount of p-toluenesulphonic 
acid (ca. 5%) were mixed together in a mortar and 
pestle, and ground vigorously. Within seconds, a 
viscous paste forms, this hardens on further grinding. 
The paste was left to stand for up to 1 hour, during 
which time it solidified. The solid was reground, 
washed with water to remove any acid, filtered and 
purified by column chromatography; then dried in 
vacuum. The structure of TNCR (FIG. 1) was 
confirmed by analytical and spectroscopic methods. 

Electrode Preparation 

The PVC based membranes were prepared by 
dissolving appropriate amounts of the ionophore 
(TNCR), anion excluder NaTPB, plasticizer and PVC in 
minimum quantity of THF. This solution was stirred 
vigorously with a glass rod. When the solution became 
viscous, it was poured in acrylic rings glued on a 
smooth glass plate. The evaporation of the solvent has 
to be carefully controlled to obtain membranes of 
uniform morphology and thickness. The membranes, 
thus obtained were detached from glass plate, and cut 
to suitable size and glued to one end of a Pyrex glass 
tube. The electrode body was filled with 1.0 x lO^M 
MnCL solution and conditioned by dipping it in 1.0 x 
10 1 M MnCL solution for 2 days. Membranes of 
different compositions were prepared and optimized 
so that the potentials recorded were reproducible and 
stable within the standard deviation. 

Equilibration of Membranes and Potential Measurements 

The time required for complete equilibration and the 
concentration of the contacting solution was optimized 
by immersing all the membranes in MnCL solution of 
different concentrations for different time periods. Best 
results were obtained when the membranes were 
equilibrated for 2 days in 1.0 « 10 1 M MnCL solution. 
An Ag/AgCl was used as an internal reference 
electrode. 

All potential measurements were carried out at 
(25±0.1)°C using the following cell assembly Ag/AgCl 
(3.0M KC1)/0.1M MnCL Internal solution/PVC 
membrane/Test solution/ (3.0 M KC1) AgCl/Ag. 

he performance of the developed Mn (II) sensor was 
investigated by measuring the potential of Mn (II) 
solutions prepared in the concentration range 1.0 * 10" 1 
- 1.0 x 10-8M. 

Results and Discussions 

The ionophore incorporated into the PVC matrix is the 
electroactive species that selectively binds to the 
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particular ion of interest. The potential response of the 
sensor based on TNCR has been tested for various 
cations. The selectivity of the proposed sensor for Mn 
(II) ions is demonstrated in FIG. 2. It was found that 
the membrane electrode responds to Mn (II) with a 
Nernstian slope while all other cations exhibit a sub- 
Nernstian slope. 



300 

280- 

260 

240 

220 



P 200- 



160- 
140- 
120- 
I0O- 




pM" 

FIG. 2 POTENTIAL RESPONSE OF THE DEVELOPED SENSOR 
BASED ON TNCR TO DIFFERENT CATIONS 

Effect of Membrane Composition 

The selectivity and sensitivity of the membrane 
depend not only on the nature of the ionophore used 
but also significantly on the membrane composition 
and the properties of plasticizers and additives used 
[Mashhadizadeh et al, 2002., Perez et al., 2003, Shamsipur 
et al., 2001]. The performance characteristics of several 
membranes having different composition are listed in 
Table 1 . A regular support matrix for the membrane is 
provided by PVC. It was found that the sensor works 
well when the Plasticizer/PVC ratio is about 2, which 
ensures enough mobility of the membrane constituents. 
This is due to the fact that the dielectric constant of the 
membrane and the mobility of the ionophore molecules 
in the membrane is influenced by the nature of 

TABLE 1 OPTIMIZATION OF COMPOSITION OF THE SENSOR BASED ON TNCR 



plasticizer used [Yang et al., 1997]. Among the different 
plasticizers used, the membrane incorporating DOP 
gave the best results. The amount of ionophore is also 
found to affect the sensitivity of the PVC membrane. 
The optimum amount of the ionophore has been found 
to be 2.0 (%w/w). However, further increase in the 
amount of ionophore resulted in diminished calibration 
slope of the sensor. It may be due to certain 
inhomogenities and saturation of the membrane 
[Bakker et al., 1997]. The additions of anionic excluders 
help to reduce the membrane resistance and improve 
the selectivity. The response of the sensor is based on a 
neutral carrier mechanism in which the ionophore 
exhibits strong affinity towards Mn 2+ ions to form 
positively charged complexes in the membrane phase. 
Lipophilic anionic sites in the membrane stabilize 
these complexes [Kamel et al., 2010]. The anionic 
additives may also catalyze the exchange kinetics at 
the sample membrane interface [Gehrig et al., 1990]. 

Table 1 indicates that the best performance is observed 
when the membrane electrode composition is TNCR: 
PVODOP: NaTPB(w/w%) as 2 : 32 : 63 : 3 and it gives a 
Nernstian slope of 29.8 (± 0.4) mV decade 1 . 

Response and Life Time of the Sensor 

Response time is the average time required for the 
manganese ion sensor to reach a potential within ±1 
mV of final equilibrium value. The practical response 
time of the sensor was calculated by measuring the 
time required to attain the equilibrium potential by 
dipping the sensor in a series of Mn (II) ion solutions 
each having a tenfold difference in concentration. The 
practical response time of sensor was found to be 25 s. 
The equilibrium potentials essentially remained 
constant for more than 5 min. The membrane sensor 
proposed could be used for at least 4 months without 
any measurable divergence in concentration range, 
slope and response time. 



Sensor 


w/w % composition of each membrane 


Working concentration range (M) 


Slope (mV decade-i) 


TNCR 


PVC 


Plasticizer 


NaTPB 


1 


2.0 


95 





3 


1.0 x 10- 4 -1.0 x 10-i 


19.2 ±0.9 


2 


1.0 


32 


DOP, 64.0 


3 


5.0 x 10- 4 -1.0 x 10-i 


20.1 ±0.6 


3 


1.2 


32 


DOP, 63.8 


3 


1.0 x 10- 5 -1.0 x 10-i 


22.1 ±0.1 


4 


1.6 


32 


DOP, 63.4 


3 


1.0 x 10- 4 -1.0 x 10-i 


23.2 ± 0.6 


5 


1.8 


32 


DOP, 63.2 


3 


8.0 x 10- 5 -1.0 x 10-i 


27.5 ± 0.3 


6 


2.0 


32 


DOP, 63 


3 


1.0 x 10- 5 -1.0 x 10-i 


29.8 ± 0.4 


7 


3.0 


32 


DOP, 62.0 


3 


1.0 x 10-5-1.0 x 10-i 


26.1 ±0.5 


8 


2.0 


32 


DO A, 63.0 


3 


5.0 x 10-i - 1.0 x 10-i 


27.5 ± 0.4 


9 


2.0 


32 


DBP, 63.0 


3 


5.0 x 10-i - 1.0 x 10-i 


34.9 ± 0.2 


10 


2.0 


32 


DMS, 63.0 


3 


1.0 x 10- 4 -1.0 x 10-i 


22.1 ±0.9 


11 


2.0 


32 


DOS, 63.0 


3 


1.0 x 10-3-1.0 x 10-i 


25.9 ±0.7 


12 


2.0 


32 


DBS, 63.0 


3 


1.0 x 10-3-1.0 x 10-i 


32.9 ± 0.8 
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Effect ofpH and Non-aqueous Media 

The influence of pH on the potential response of the 
sensor was studied in 1.0 * 10 3 M and 1.0 « 10 4 M 
solutions over a pH range of 2.0 - 9.0 (Fig. 3). The pH 
changes were induced through small additions of 
concentrated nitric acid (0.05 M) or sodium hydroxide 
(0.05 M). The electrode response is hardly affected by 
change in pH in the range of 3.2 - 7.0. The observed 
drift in potential at higher pH may be due to the 
formation of some hydroxyl complexes of Mn (II) ion 
in solution and at lower pH which is most probably 
due to the response of the sensor to H + ions. 
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FIG. 3 EFFECT OF pH ON THE SENSOR BASED ON TNCR 

TABLE 2 EFFECT OF PARTIALLY NON- AQUEOUS MEDIUM ON THE SLOPE 
AND WORKING CONCENTRATION RANGE OF THE SENSOR 



Non-aqueous 


Slope 


Working concentration 


content(%v/v) 


(mV decade -1 ) 


range(M) 





29.8 


1.0 x 10- 5 - 1.0 x 10-i 


Ethanol 






10 


29.6 


1.0 x 10- 5 - 1.0 x 10-i 


20 


30.3 


2.6 x lO- 5 - 1.0 x 10-i 


25 


28.2 


5.8 x 10- 5 - 1.0 x l0-i 


30 


21.3 


1.0 x 10- 3 - 1.0 x lO-i 


Methanol 






10 


29.3 


1.0 x 10- 5 - 1.0 x l0-i 


20 


30.2 


3.4 x 10-5- 1.0 x l0-i 


25 


28.3 


7.0 x 10- 5 - 1.0 x l0-i 


30 


21.4 


1.0 x lO- 3 - 1.0 x l0-i 



The functioning of the sensor in partially non-aqueous 
media was also investigated using ethanol-water and 
methanol-water mixtures and the results are presented 
in Table 2. The membranes do not show any 
appreciable change in working concentration range or 
slope in mixtures up to 25% (v/v) non-aqueous 
contents and hence the electrode can be satisfactorily 
used in mixtures containing up to 25% non-aqueous 
content. Above this level, the slope gets affected, 
which may be due to leaching of the ligand into the 
sample solution. 



Calibration Curve 

The proposed membrane electrode was examined with 
different concentrations of the inner reference solution 
from l.OxlO- 5 - l.OxlO 1 M. A l.OxlO- 1 M concentration of 
the reference solution is quite appropriate for smooth 
functioning of the membrane electrode system. The 
optimum equilibration time for the membrane 
electrode in the presence of l.OxlO 1 M MnCh, was 48 h, 
after which it would generate stable potentials in 
contact with the manganese solution. The electrode 
showed a linear response in the range 1.0 X 10- 5 - l.OxlO' 1 
M at 25°C (FIG. 4). The slope of the calibration graph 
was 29.8 (±0.4) mV decade 1 . The limit of detection was 
5.1 xlO 6 M, derived from the intersection of the 
extrapolated segments of the response potential of 
Mn 2+ . 



2SII- 
260 
240- 
B 220- 



180- 
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FIG. 4 CALIBRATION GRAPH OF THE SENSOR BASED ON TNCR 



Potentiometric Selectivity 



TT p0t - 
K A3 



(1) 



The response of any ion selective sensor to the primary 
ion in the presence of other ions present in the solution 
is expressed in terms of the potentiometric selectivity 
coefficient. The interference of various ions on the 
selectivity of the developed sensor has been examined 
by the Fixed Interference Method [Bakker et al., 2000, 
Buck et al., 1994]. The selectivity coefficients were 
determined at 1.0 x 10 2 M concentration of foreign ions. 
The concentration of Mn (II) was varied and the 
selectivity coefficient was calculated using equation: 

The selectivity coefficient values are shown in Table 3. 
The selectivity coefficient was determined by the Fixed 
Interference Method. When Mn(II) alone was used, the 
selectivity coefficient was found to be 1, hence not 
shown in Table 3. Of course, that is the usual practice. 
The selectivity coefficient was determined by mixing 
Mn (II) with other metal ions like Cd 2+ , Co 2+ , Sn 2+ etc as 
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shown in Table 3. And the results showed that the 
selectivity for other metal ions is negligible in presence 
of Mn (II) ions. The values indicate that the developed 
sensor exhibits the highest selectivity for Mn (II) ions 
over a number of cations. 

TABLE 3 SELECTIVITY COEFFICIENTS FOR THE SENSOR USING FIXED 
INTERFERENCE METHOD AT l.Ox 10" 2 M CONCENTRATION OF 
INTERFERING ION 



TABLE 4 A COMPARATIVE STUDY OF THE CHARACTERISTICS OF THE 
DEVELOPED SENSOR FOR Mn (II) WITH SOME REPORTED SENSORS 



Interfering ion (X) 


Selectivity Coefficient 


Cd 2+ 


8.6 x 1CH 


Co 2+ 


4.1 x lO- 3 


Sn 2+ 


5.6 x 10-3 


Cu 2+ 


7.5 x 10-3 


Zn 2+ 


4.4 x 10-3 


Pb 2+ 


6.2 x lO- 3 


Hg 2+ 


2.7 x lO- 3 


Fe 2+ 


6.9 x 10-* 


Na + 


8.1 x 10-* 


K + 


9.3 x 10-* 


Ag + 


5.6 x 10- 2 


Ni 2+ 


2.1 x io-i 


Ca 2+ 


2.8 x lO- 3 


Cr 3+ 


6.5x lO- 3 


Ba 2 + 


3.8 x lO- 3 



Analytical Application 

The developed Mn (II) sensor was also successfully 
applied as an indicator electrode in conjunction with 
Ag/AgCl electrode in the potentiometric titration of 
Mn (II) solution with EDTA. The titration plots 
obtained were all of a near sigmoid shape and the end 
point corresponds to 1:1 stoichiometry of Mn-EDTA 
complex (FIG. 5) 

220 



200 

180. 

160- 

140 

120- 

100- 



1 2 3 4 5 

Volurre of EDTA added (mL) 

FIG. 5 POTENTIOMETRIC TITRATION CURVE OF 25.0 ML OF 1.0 
x lO- 3 M MN (II) SOLUTION WITH 1.0 x IO" 2 M EDTAUSINGTHE 
SENSORBASED ON TNCR 

The proposed sensor is comparable with the existing 
sensors in terms of response time, life time, slope, pH 
range and concentration range (Table. 4). 



No 


V V UI KlILtL 

concentration 


pH 
range 


Life 
Time 


Slope 
(mV 


Reference 




ranee (M) 


decade-i) 




1 


l.U x 1U — JL.U 
* 1U 


4.0 - 8.0 


o 

months 


29.6 ± 0.5 


; 

Gupta et al., 

9m n 
zuio 


2 


l.Ox 10- 5 -1.0 

x 10-1 


4.0 - 9.0 


2 

IILtJl LLI lb 


29.3 ± 0.5 


Zawari et el., 


3 


1.2 x 10-5-1.0 

x lO"- 1 


3.0 - 8.0 


4 

IIlUIlXI 15 


28.5 ± 0.3 


Singh et al., 


4 


1.0x10-5-1.0 

x 10"! 


NM 


NM* 


Non 

Mprncri ari 

1 \ Cl 1 ID LlClI I 


Hirata et al., 
1972 


5 


5.0x10-5-1.0 


4.0 


2 


Near 


Midgley et al., 




X lO 3 


weeks 


Nernstian 


1985 


6 


5.0x10-6-1.0 
x 10-i 


3.0 - 6.5 


NM 


30.0 ± 0.3 


Gupta et al., 
2007 


7 


4.0 x 10- 7 -1.8 
x io- 2 


4.5-7.5 


2 

months 


30.1+ 1.0 


Mashhadizadeh 
et al, 2007 


8 


1.0x10-5-1.0 
x IO 4 


3.2 - 7.0 


4 

months 


29.8 ± 0.4 


Developed 
sensor 



*NM - not mentioned 

Conclusions 

The use of 2,8,14,20-tetralds(naphthyl)calix[4]resorcinarene 
as ionophore in potentiometric sensor enables the 
determination of manganese. The developed sensor 
exhibits a Nernstian response of 29.8 (± 0.4) mV 
decade -1 and its working concentration range was 
found to be 1.0 x 10 5 - 1.0 x 10 1 M with a detection 
limit of 5.1 x IO 6 M. The working pH range of the 
sensor was 3.2-7.0. The sensor has a fast response time 
and a long life time. The sensor can be successfully 
applied to the determination of Mn 2+ ion by direct 
potentiometry against EDTA. 
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